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Extrinsic cues from the niche are known to regulate
adult stem cell self-renewal versus differentiation.
Here, we report that an aminopeptidase Slamdance
(Sda) acts in the Drosophila testicular niche to main-
tain germline stem cells (GSCs) and regulate progen-
itor germ cell dedifferentiation. Mutations in sda lead
to dramatic testicular niche deterioration and stem
cell loss. Recombinant Sda has specific aminopepti-
dase activity in vitro, and the in vivo function of Sda
requires an intact aminopeptidase domain. Sda is
required for accumulation of mature DE-cadherin,
and overexpression of DE-cadherin rescues most
sdamutant phenotypes, suggesting that DE-cadherin
is an important target of Sda. Finally, Sda is both
necessary and sufficient to promote dedifferentiation
during aging and recovery from genetically manipu-
lated depletion of GSCs. Together, our results sug-
gest that a niche factor promotes both stem cell
maintenance and progenitor cell dedifferentiation.INTRODUCTION
Adult stem cells give rise to many different cell types in the body,
either continuously or in response to physiological signals or in-
juries. The ability of the stem cell system tomaintain homeostasis
in adult tissue relies on the maintenance of stem cell identity as
well as regulation of progeny cell differentiation. Normal cellular
differentiation from a limited number of adult stem cells often be-
gins with a transit-amplification stage, during which progenitor
cells undergo limited rounds of mitosis, followed by terminal dif-
ferentiation. On the other hand, progenitor cells in multiple adult
stem cell lineages have the plasticity to undergo a dedifferentia-
tion process to replenish lost stem or progenitor cells during ag-
ing or upon injury (Barroca et al., 2009; Boyle et al., 2007; Brawley
and Matunis, 2004; Cheng et al., 2008; Kai and Spradling, 2004;CLehoczky et al., 2011; Nakagawa et al., 2010; Rinkevich et al.,
2011; Sheng et al., 2009; Wallenfang et al., 2006). Although mis-
regulation of dedifferentiation has been implicated in tumorigen-
esis (Friedmann-Morvinski et al., 2012; Goldstein et al., 2010;
Schwitalla et al., 2013), the molecular mechanisms governing
dedifferentiation require further exploration.
The breakthrough discovery that terminally differentiated cells
can be reprogrammed to become pluripotent cells (Takahashi
et al., 2007; Takahashi and Yamanaka, 2006; Yu et al., 2007;
reviewed in Yamanaka, 2012) opened up new avenues for regen-
erative medicine. Since then, many studies have focused on un-
derstanding how intrinsic factors, such as transcriptional factors
and chromatin regulators, govern cellular reprogramming (re-
viewed in Apostolou and Hochedlinger, 2013; Jaenisch and
Young, 2008). However, detailed analysis of reprogrammed cells
also revealed genetic and epigenetic aberrations (reviewed in
Robinton and Daley, 2012), raising concerns regarding medical
applications. That said, many organs with short-lived cells,
such as blood, skin, intestine, and testis, are maintained by
continuous activity of adult stem cells. Reprogramming from
the same adult stem cell lineage could provide a safer solution
for tissue regeneration. The related question is how dedifferenti-
ation is controlled in vivo and whether this process can be
manipulated.
Drosophila germline stem cells (GSCs) have provided a model
system to study cellular andmolecular mechanisms that regulate
adult stem cell maintenance and differentiation. In both female
and male Drosophila GSC lineages, the differentiating daughter
cells from asymmetric GSC divisions are displaced from the
niche and undergo limited proliferation followed by meiosis and
terminal differentiation (Clarke and Fuller, 2006; Fuller and Spra-
dling, 2007). Previous studies have revealed that progenitor germ
cells at the proliferative stage can undergo dedifferentiation to
reoccupy the niche (Brawley and Matunis, 2004; Cheng et al.,
2008; Kai and Spradling, 2004; Sheng et al., 2009; Sheng and
Matunis, 2011) under physiological conditions, such as aging
(Cheng et al., 2008;Wong and Jones, 2012), and during recovery
from genetically manipulated depletion of GSCs (Brawley and
Matunis, 2004; Kai and Spradling, 2004; Sheng and Matunis,ell Reports 13, 315–325, October 13, 2015 ª2015 The Authors 315
Figure 1. Sda Is Required for Maintaining
Stem Cells and Hub Cells in the Drosophila
Testicular Niche
(A) A schematic diagram outlines the Drosophila
testicular niche (the purple crescent outlines the
testis apical tip).
(B–E) Immunostaining of testes from D30 WT (B,
B’, and D) and sda/Df (sda) mutant (C, C’, and E)
males using anti-Vasa (germ cells), anti-Armadillo
(Arm) (hub cells), and anti-Zfh-1 (CySCs and early-
stage cyst cells); dots in (B and C) indicate GSCs,
which are Vasa-positive cells adjacent to hub cells;
arrows in (E) point to two Zfh-1-positive cells. The
scale bar represents 10 mm.
(F–H) Quantification of hub cells (F), GSCs (G), and
Zfh-1-positive cells (H) in testes from WT and sda
mutant males at different developmental stages
(L1, L2, and L3: first, second, and third instar
larvae; D1, D15, and D30: 1-day-, 15-day-, and 30-
day-old adult males). Error bar represents 95%
confidence interval (CI) of SEM (Experimental
Procedures). p value calculated by one-tailed t test
is not significant (n.s.) for L1 and <0.0001 for L2-
D30 in (F); n.s. for L1, <0.01 for L2, and <0.0001 for
L3-D30 in (G); = 0.01 for L3 and <0.0001 for D1-
D30 in (H).2011; Yadlapalli and Yamashita, 2013). To date, our understand-
ing of the molecular mechanisms regulating dedifferentiation
is limited. It has been reported that mis-expression of a domi-
nant-negative form of Drosophila E-cadherin homolog (DE-cad-
herin; E-cad; Inaba et al., 2010) or suppressor of cytokine
signaling 36E (Socs36E), an inhibitor of the JAK-STAT (Janus
kinase and signal transducer and activator of transcription)-
signaling pathway (Sheng et al., 2009), in germ cells reduces
spermatogonial dedifferentiation. In both cases, gene expression
ismanipulated ingermcells. Interestingly, live imaginghas shown
that dedifferentiating progenitor spermatogonial cellsmake initial
contact with the male GSC niche (Sheng et al., 2009; Sheng and
Matunis, 2011), but it is unclearwhether andhowcells in theniche
regulate dedifferentiation (Sheng and Matunis, 2009).
Here, we report in vivo evidence that an aminopeptidase, a
niche-enriched factor, maintainsGSCs and regulates dedifferen-
tiation of progenitor germ cells under both physiological condi-
tions and upon genetically manipulated depletion of stem cells.
Our results provide an important advance toward understanding
how a niche-specific peptidase influences stem cell self-renewal
versus differentiation, as well as progenitor cell differentiation
versus dedifferentiation, two critical decisions in an adult stem
lineage.
RESULTS
Sda Is Required for Maintaining Stem Cells and Hub
Cells in the Drosophila Testicular Niche
In Drosophila testis, GSCs associate with two types of somatic
cells: hub cells and cyst stem cells (CySCs) (Figure 1A). Through316 Cell Reports 13, 315–325, October 13, 2015 ª2015 The Authorsa RNA-seq screen (Z. Shi and C.L., unpublished data), we found
that a gene termed slamdance (sda) is highly transcribed in a
niche sample containing hub cells, GSCs, and CySCs (Fig-
ure S1A). Mutations in the sda gene cause defects in Drosophila
nervous system shown by increased seizure susceptibility,
which were identified in a genetic screen for bang-sensitive mu-
tants (Zhang et al., 2002). To study the functions of Sda in the
testicular niche, we obtained a strong loss-of-function allele
(Zhang et al., 2002), sdaiso7.8, and used it in trans with a defi-
ciency (Df) chromosome that uncovers the sda gene region. In
the sda/Df (hereinafter called sda) mutant testicular niche, sub-
stantial changes were detected in hub cells, GSCs, and CySCs
(Figures 1B–1H and S2). Compared to testes from 30-day-old
(D30) wild-type (WT) males (Figures 1B and 1B’), hub cell num-
ber in sda mutant testes decreased (Figures 1C, 1C’, and 1F),
even though no hub cells were found to undergo cell death or
transdifferentiation (Supplemental Experimental Procedures).
The lost hub cells from the first instar larvae (L1) to D30
male are approximately seven, which might be too few to
detect during this 40-day period of time due to technical lim-
itations. In addition to hub cells, we found a significant decrease
in the number of both GSCs (Figures 1B, 1C, and 1G) and Zfh-
1-positive early-stage cyst cells including CySCs (Issigonis
et al., 2009; Leatherman and Dinardo, 2008; Figures 1D, 1E,
and 1H).
Next, to determine whether loss of hub cells and both types of
stem cells in the sdamutant occurred at the time of niche estab-
lishment (Le Bras and Van Doren, 2006) or later during homeo-
stasis, we compared sda mutant and WT testes across distinct
developmental stages, from L1 to D30 adult males. We found
Figure 2. Sda Acts in Hub Cells to Maintain Stem Cells and Hub Cells, and Such an Activity Requires a Functional Catalytic Domain
(A) Immunostaining with anti-Vasa and anti-LacZ using an sda enhancer trap line (Zhang et al., 2002). The LacZ staining is shown separately in (A’).
(B and C) Testes from upd-Gal4 (B) and upd-Gal4; UAS-ds sda; UAS-dcr2 (C) males stained with anti-Vasa and anti-Arm; dots indicate GSCs.
(D) Quantification of GSCs, Zfh-1-positive cells, and hub cells in testes from nos-Gal4, c587-Gal4, and upd-Gal4 as controls and crossed to theUAS-ds sda;UAS-
dcr2 background. p value between any two genotypes except upd-Gal4; UAS-ds sda; UAS-dcr2 is n.s., whereas p value between any other genotype and upd-
Gal4; UAS-ds sda; UAS-dcr2 < 0.01.
(E) Structure of HA-sdaFL, HA-sdaDCAT, and HA-sdaE/A; TM, transmembrane domain.
(F–H) Testes from upd-Gal4;UAS-HA-sdaFL; sda (F), upd-Gal4;UAS-HA-sdaDCAT; sda (G), and upd-Gal4;UAS-HA-sdaE/A; sda (H) males stained with anti-Vasa,
anti-Zfh-1, and anti-Arm; arrows point to Zfh-1-positive cells. The scale bar represents 10 mm.
(I) Quantification of GSCs, Zfh-1-positive cells, and hub cells. All quantification data were obtained using D15males. For the two groups, (1) upd-Gal4 control and
upd-Gal4;UAS-HA-sdaFL; sda and (2) upd-Gal4;; sda and upd-Gal4;UAS-HA-sdaDCAT; sda and upd-Gal4;UAS-HA-sdaE/A; sda are shown. p value between any
two genotypes within each group is n.s., whereas p value between any two genotypes from each group <0.01.
Error bar: 95% CI of SEM in (D) and (I); p value calculated by one-tailed t test.no significant difference between WT and sda mutant at early
developmental stages (e.g., L1 for hub cells and GSCs and L3
for Zfh-1-positive cells; Figures 1F–1H), suggestingmaintenance
rather than establishment defects. Noticeably, Sda promotes
GSC expansion from the second instar larval (L2) to the third
instar larval (L3) stage because GSCs increase 1.7-fold in WT
testes and only 1.3-fold in sda mutant testes (Figure 1G).
Sda Acts in Hub Cells to Maintain Stem Cells and Hub
Cells in the Drosophila Testicular Niche
To understand the cell-type specificity of Sda in the Drosophila
testicular niche, we examined its expression pattern using an
enhancer trap line (Zhang et al., 2002). We found that sda is
mainly expressed in hub cells (Figures 2A and 2A’), consistent
with our RNA-seq results (Figure S1A). In addition, we deter-
mined that the endogenous function of Sda is required mainlyCin hub cells using two complementary assays. First, the sda
RNAi transgene (UAS-ds sda) driven by a hub-specific upd-
Gal4 driver (Boyle et al., 2007; Leatherman and Dinardo, 2010)
recapitulated sdamutant phenotypes in the testicular niche (Fig-
ures 2B–2D). Second, the sda mutant phenotypes were fully
rescued by driving an HA-tagged full-length sda cDNA (HA-
sdaFL) using the same upd-Gal4 driver (Figures 2E, 2F, and 2I).
In contrast, the use of a germline-specific nanos-Gal4 driver
(Van Doren et al., 1998) or a cyst-cell-specific c587-Gal4 driver
(Manseau et al., 1997) to knock down sda did not lead to sig-
nificant loss of GSCs, early cyst cells, or hub cells, compared
to the knockdown experiments using the upd-Gal4 driver (Fig-
ure 2D). In addition, using the same upd-Gal4; UAS-ds sda
(upd > ds sda) in a temperature shift assay (Eliazer et al., 2011)
that specifically knocked down sda in adult flies was sufficient
to recapitulate all sda mutant phenotypes in the testicular nicheell Reports 13, 315–325, October 13, 2015 ª2015 The Authors 317
Figure 3. Purified Sda Exhibits Aminopeptidase Activity In Vitro
(A) SDS-PAGE analysis of truncated SDA (residues 126–1,071; extracellular
domain in Figure 2E) either with WT sequence (SDADN) or E/A mutation (EA)
purified from baculovirus-infected Sf9 cells.
(B) Real-time activity of SDADN and human aminopeptidase N (hAPN1) with L-
alanine-AMC (7-amino-4-methylcoumarin) at 25C (1 read/min). Mutating a
critical glutamate (E) or chelating zinc with 1, 10-phenanthroline inhibited
proteolysis.
(C) Substrate specificity of hAPN1 and SDADN relative to cleavage of L-Ala-
AMC as the substrate.(Figure S3A). These results are consistent with the roles of Sda in
maintaining, but not establishing, hub cells and stem cells (Fig-
ures 1F–1H). In summary, these results demonstrate that Sda
is required in hub cells to maintain normal testicular niche archi-
tecture in Drosophila.
Purified Sda Exhibits Aminopeptidase Activity In Vitro
Sda is predicted to be a type II membrane protein with a single
transmembrane anchor and homology to mammalian zinc-
dependent aminopeptidase N (APN) (Zhang et al., 2002). The
identity and similarity between Sda and human APN is 33%
and 51%, respectively, whereas their catalytic domains are
84% identical (31% identity and 50% similarity between Sda
and mouse APN; Zhang et al., 2002). We used the baculovirus
system to express recombinant SdaDN (extracellular domain in
Figure 2E) in insect Sf9 cells, purified it to apparent homogeneity
(Figure 3A), and evaluated it for aminopeptidase activity in paral-
lel with human APN (hAPN1) as a control. SdaDN displayed clear
aminopeptidase activity that was dependent on both zinc and a
critical Glu (E) in the AAMENmotif involved in substrate recogni-
tion (Luciani et al., 1998; Zhang et al., 2002; Figures 2E, 3B, and
3C). In addition, SdaDN was robustly thermostable, monomeric
by dynamic light scattering, and unstimulated by kosmotropic
salts, suggesting it functions as a monomer (Figures S4A and
S4B). Overall, the aminopeptidase activity of Sda is comparable
to that of human APN, although it has considerably less catalytic
activity but higher substrate selectivity in vitro.318 Cell Reports 13, 315–325, October 13, 2015 ª2015 The AuthorsAn Intact Catalytic Domain of Sda Is Required for Its
Normal Activity In Vivo
To understand the in vivo function of Sda, the HA-tagged full-
length sda cDNA (Figure 2E) was expressed using different
cell-type-specific Gal4 drivers in the testicular niche. We found
that ectopic expression of HA-sdaFL in cyst cells using c587-
Gal4 resulted in almost full rescue for the number of GSCs, early
cyst cells, and hub cells (Figure S3B). Ectopic expression of
HA-sdaFL in germ cells using nos-Gal4 also resulted in partial
rescue for GSC number (Figure S3B). We reasoned that these
rescue results are due to the topology of Sda as a transmem-
brane protein and the prediction of its enzymatic domain to be
extracellular. It is possible that, as long as sda is expressed in
any cell type in the testicular niche, its extracellular catalytic
domain can still process the substrates that are likely present
in extracellular matrix, which result in rescue to different degrees.
Next, to study whether Sda acts as an APN in vivo in the
testicular niche, two mutated sda cDNAs encoding enzymati-
cally inactive forms were generated: an HA-sdaDCAT with a
truncation at the predicted zinc-binding and APN domain and
an HA-sdaE/A with a point mutation in the essential E residue
(Figure 2E), which is critical for substrate recognition (Luciani
et al., 1998; Zhang et al., 2002; Figure 3B), but not for protein
stability (Figure S4A). Neither transgene could rescue the sda
mutant phenotype when driven by upd-Gal4 (Figures 2G–2I,
S3C, and S3D), even though no significant difference could be
detected at either transcript level (Figure S3E) or protein localiza-
tion (Figures S3F–3H), suggesting that an intact catalytic domain
is required for Sda to maintain stem cells and hub cells in the
Drosophila testicular niche.
Finally, by comparing testes with either loss of function or
overexpression of sdawithWT control in a degradomics analysis
(Kleifeld et al., 2010), we demonstrated that Sda also has amino-
peptidase activity in vivo (Supplemental Experimental Proce-
dures; Table S1). The limited identifiable Sda-mediated cleavage
events are probably due to its restricted proteolytic activity in
hub cells, which are under-represented using the entire testis
sample.
Sda Is Required for Accumulation of Mature Drosophila
E-cadherin to Maintain Stem Cells and Hub Cells in the
Testicular Niche
To understand how Sda regulates different cell types in the
testicular niche, we took a candidate gene approach by investi-
gating whether sda interacts with cadherin molecules (Inaba
et al., 2010) and JAK-STAT-signaling pathway components
(Sheng et al., 2009) known to act in the niche for stem cell main-
tenance and niche structure.
We found that removal of one copy of Cadherin genes made
the sda loss-of-function phenotype more severe (Figure 4A).
Furthermore, expression of either Drosophila E-Cad (DE-cad-
herin; E-cadherin homolog; Figures 4B and 4C) or N-cad (DN-
cadherin; N-cadherin homolog) in hub cells (Figure 4D) using
upd-Gal4 or in all somatic gonadal cells including hub cells (Fig-
ure 4E) using tj-Gal4 (Tanentzapf et al., 2007) rescued completely
of the loss of early cyst cell and hub cell phenotypes in sda
mutant, whereas the rescue of GSC loss was substantial, but
not complete (Figures 4D and 4E). By contrast, expression of
Figure 4. Sda Is Required for Accumulation of Mature DE-Cadherin to Maintain Stem Cells and Hub Cells in the Drosophila Testicular Niche
(A) Quantification of GSCs, Zfh-1-positive cells, and hub cells in testes from E-Cad,N-Cad/+, or sda/+ or E-Cad,N-Cad/+; sda/+males. p value between any two
genotypes <0.01.
(B and C) Testes from upd-Gal4; sda (B) and upd-Gal4;UAS-E-Cad; sda (C) males stained with anti-Zfh-1, anti-Vasa, and anti-Arm; dots indicate GSCs. Asterisk,
hub area. The scale bar represents 10 mm.
(D) Quantification of GSCs, Zfh-1-positive cells, and hub cells in the testicular niche from upd-Gal4, upd-Gal4; sda, upd-Gal4; UAS-E-Cad; sda, or upd-Gal4;
UAS-N-Cad; sda D15 males. For GSCs, p value between any two genotypes <0.01; for Zfh-1-positive cells and hub cells, p value between any two genotypes
except upd-Gal4; sda is n.s., whereas p value between any other genotype and upd-Gal4; sda <0.01.
(E) Quantification of GSCs, Zfh-1-positive cells, and hub cells in the testicular niche from tj-Gal4, tj-Gal4; sda, tj-Gal4; UAS-E-Cad; sda, or tj-Gal4; UAS-N-Cad;
sda D15 males. For GSCs, p value between any two genotypes <0.01; for Zfh-1-positive cells and hub cells, p value between any two genotypes except tj-Gal4;
sda is n.s., whereas p value between any other genotype and tj-Gal4; sda <0.01.
(F) Quantification of GSCs, Zfh-1-positive cells, and hub cells in the testicular niche from nos-Gal4, nos-Gal4; sda, nos-Gal4;UAS-E-Cad; sda, or nos-Gal4;UAS-
N-Cad; sda D15 males. For GSCs, Zfh-1-positive cells, and hub cells, p value between any two genotypes except nos-Gal4 is n.s., whereas p value between any
other genotype and nos-Gal4 <0.01.
(G) qRT-PCR to measure E-Cad transcript levels in WT and sda mutant testes based on three independent experiments.
(H) Immunoblot to measure mature E-Cad protein (150 KD) levels in WT and sda mutant testes; the 200 KD unprocessed E-Cad is undetectable; CP190
(190KD) is used as a loading control.
(I) Quantification of GSCs, Zfh-1-positive cells, and hub cells in testes from sda, WT, CadNM12 (N-Cadunprocessable/+), nos-Gal4; dNc (nos > E-Cadunprocessable), or
upd-Gal4; dNc (upd > E-Cadunprocessable) males. For GSCs, p value between any two genotypes except WT and N-Cadunprocessable/+ is n.s., p value between any
other genotype and WT < 0.01, and p value between any other genotype and N-Cadunprocessable/+ <0.05. For Zfh-1-positive cells, p value between any two
genotypes except WT and upd > E-Cadunprocessable is n.s.; p value between any other genotype and WT or upd > E-Cadunprocessable < 0.01. For hub cells, p value
between any two genotypes except WT and N-Cadunprocessable/+ is n.s.; p value between any other genotype and WT or Cadunprocessable/+ < 0.05.
Error bar: 95% CI of SEM in (A), (D)–(F), and (I); p value calculated by one-tailed t test.either E-Cad or N-Cad in germ cells did not rescue any of the cell
loss phenotypes in the testicular niche (Figure 4F). Because Sda
is predicted to be a peptidase and maturation of both E-Cad and
N-Cad requires protein cleavage (Iwai et al., 1997; Oda and Tsu-
kita, 1999), we examined how Sda may be required for expres-
sion and/or activity of cadherins. qRT-PCR showed that theCoverall transcript level of E-Cad was comparable and even
slightly higher in sda mutant testes than that in WT control (Fig-
ure 4G). However, immunoblotting showed that the mature E-
Cad protein has an approximately 23% reduction in sda mutant
testes compared toWT testes (Figure 4H). Noticeably, the actual
E-Cad protein level change at the niche could be even moreell Reports 13, 315–325, October 13, 2015 ª2015 The Authors 319
Figure 5. Sda Is Both Necessary and Suffi-
cient to Promote Spermatogonial Dediffer-
entiation during Homeostasis
(A and B) Centrosomes (anti-g-tubulin) are misor-
iented in D30 WT (A; yellow double-arrowed line)
but always show proper orientation in sda mutant
testes (B; white double-arrowed line).
(C) Percentage of GSCs with misoriented centro-
somes in D30 WT and sda mutant testes.
(D) Germ cell cysts with multiple spectrosomes
(arrows; anti-a-spectrin) or cystswith degenerating
fusomes (circled by dotted lines) in D30WT testes.
(E) Only GSC-GB pairs connected by a single
spectrosome were detected in sda testes (arrow-
heads; also in D).
(F) Overexpression of sda using upd-Gal4; UAS-
HA-sdaFL led to increased spermatogonial cysts
with degenerating fusomes (circled by dotted
lines) adjacent to the hub. Asterisk, hub area.
(G) Quantification of percentage of GSC with dis-
integrating fusomes; p value calculated using
Fisher’s exact test. The scale bar represents 10mm.substantial because using the entire testes may underestimate
this effect. Despite the change in E-Cad level, no significant
change of E-Cad subcellular localization was detected in sda
mutant testes compared to WT testes (Figures S5A and S5B).
Finally, either using an NCadM12 allele whose product cannot
be processed by peptidase (Iwai et al., 1997) or driving an E-
Cad cDNA with the cleavage site mutated (i.e., unprocessable
E-Cad; Oda and Tsukita, 1999) resulted in phenotypes similar
to those in sda mutant testes (Figure 4I).
It is known that E-cadherin is synthesized as 230 kDa precur-
sor that undergoes cleavage by proteases associated with
the secretory pathway to remove its N-terminal pro-protein to
yield a matured 150 kDa functional protein (Oda et al., 1994).
However, the anti-E-cadherin used for immunoblotting could
not reliably recognize the unprocessed form. Furin, a member
of the pro-protein convertase family and a Ca2+-dependent
serine endopeptidase, has been shown to efficiently cleave the
mammalian E-cadherin precursor, which is necessary for proper
folding of its extracellular domain required for adhesion (Post-
haus et al., 1998). It was speculated that furin-like enzyme may
perform similar functions in processing Drosophila E-cadherin,
but Sda is distinct from furin. Together, these data suggest
that cadherin molecules are important downstream targets of
Sda, although we cannot exclude the possibility that they are in-
direct targets of Sda (Table S1).
Sda Is Both Necessary and Sufficient to Promote
Spermatogonial Dedifferentiation during Homeostasis
During aging, as hub cell number decreases (Wallenfang et al.,
2006), GSCs are maintained (Cheng et al., 2008) or slightly
decreased (Boyle et al., 2007) due to self-renewal (Sheng and
Matunis, 2011; Yamashita et al., 2003) of existing GSCs and
spermatogonial dedifferentiation (Cheng et al., 2008; Sheng
and Matunis, 2011). To understand the cellular mechanisms un-
derlying GSC loss in the sdamutant testes (Figures 1 and S2), we
evaluated themitotic activity of GSCs using an anti-PH3 (Lim and
Fuller, 2012) immunostaining for M-phase GSCs and a pulse320 Cell Reports 13, 315–325, October 13, 2015 ª2015 The AuthorsEdU incorporation assay for S phase GSCs (Insco et al., 2009).
The percentage of PH3-positive GSCs for sda mutant (2.97%;
n = 101) was higher than that of WT testes (1.50%; n = 334), as
was the percentage of EdU-positive GSCs (sda mutant: 21%
[n = 125]; WT: 17% [n = 526]). Therefore, in sda mutant testes,
the number of GSCs decreased evenwith increasedGSCmitotic
activity.
Next, we investigated whether spermatogonial cells fail to un-
dergo dedifferentiation in sda mutant testes. It has been shown
that dedifferentiated spermatogonial cells tend to have misor-
iented centrosomes (Cheng et al., 2008). Indeed, we found that
GSCs with misoriented centrosomes significantly decrease in
sda mutant testes (Figures 5A–5C), suggesting potential sper-
matogonial dedifferentiation defects. In addition to misoriented
centrosomes, another cellular feature of dedifferentiated sper-
matogonial cells is the transient disintegrating fusome remnant
(Brawley and Matunis, 2004; Cheng et al., 2008; Inaba et al.,
2010; Sheng et al., 2009). Consistent with dedifferentiation de-
fects, we found that GSCswith disintegrating fusomes are signif-
icantly reduced in sda mutant testes compared to WT control
(Figures 5D, 5E, and 5G). To confirm this, we also used Pavar-
otti-GFP (Pav-GFP) transgene to label midbody/ring canal (Mine-
strini et al., 2002). Cells with multiple ring canals (Brawley and
Matunis, 2004; Cheng et al., 2008) were scored and compared
between WT testes and sda mutant testes. GSCs with multiple
ring canals have 2-fold reduction in sda mutant (4/73 total
GSCs) than that inWT control (14/120 total GSCs). Quantification
of ring canal remnants using Pav-GFP in all germ cells (Sheng
et al., 2009) between WT testes (46/26 testes = 1.8 per testis)
and sda mutant (20/20 testes = 1.0 per testis) testes showed
similar difference. Together, these data suggest that Sda is
necessary for spermatogonial dedifferentiation during aging.
In a complementary assay, we asked whether overexpression
of Sda is sufficient to promote spermatogonial dedifferentiation.
Indeed, overexpression of full-length sda in hub cells (upd >
sdaFL) at wild-type background led to 4-fold more GSCs with
disintegrating fusome remnants compared to that in the control
Figure 6. Sda Is Required for the Testicular
Niche to Promote Spermatogonial Dediffer-
entiation during Tissue Regeneration
(A) Heat shock regime (modified from Sheng et al.,
2009).
(B and C) Testes from hs-bam control males after
heat shock treatment before recovery (B) and after
recovery (C).
(D and E) Testes from hs-bam; sdamales after heat
shock treatment before recovery (D) and after re-
covery (E).
(F and G) Quantification of recovery efficiency,
presented as the average number of GSCs (F) and
the percentage of testes containing at least one
GSC (G) in males with the corresponding geno-
type. Error bar represents 95%CI of SEM in (F) and
(G); p value was calculated by one-tailed t test.testes (either upd-Gal4 or UAS-sdaFL by itself), suggesting that
Sda is sufficient to promote spermatogonial dedifferentiation
(Figures 5F and 5G). In contrast, this effect was undetectable
in the sda mutant background (upd > sdaFL; sda), suggesting
that it depends on the level of Sda. Furthermore, we found that
Sda overexpression in promoting spermatogonial dedifferentia-
tion could be detected in males as early as 1 day old but be-
comes more obvious in older males (Figure S6), probably due
to an increase in percentage of dedifferentiation-derived GSCs
when flies age (Cheng et al., 2008; Sheng and Matunis, 2011;
Wong and Jones, 2012). However, despite elevated spermato-
gonial dedifferentiation, overexpression of sda did not result in
an overall increase of GSC number (10.8 ± 0.9 SD GSCs in
upd > sdaFL testes [n = 65]; 10.5 ± 1.7 SD GSCs in WT testes
[n = 33]; p > 0.1), suggesting that dedifferentiated spermatogo-
nial cells may outcompete existing GSCs at the niche, as re-
ported in the Drosophila female GSC niche (Jin et al., 2008).
Sda Is Required for the Testicular Niche to Promote
Spermatogonial Dedifferentiation during Tissue
Regeneration
In addition to aging, it has been shown that spermatogonial cells
undergo robust dedifferentiation when GSCs are depleted by
genetic manipulations (Sheng and Matunis, 2011; Yadlapalli
and Yamashita, 2013). To genetically deplete GSCs, we used a
similar heat shock regime as reported previously (Sheng et al.,
2009) to transiently overexpress a differentiation factor encoded
by bag-of-marbles (bam) (Figure 6A). With this treatment, GSCs
differentiate and leave the niche in both hs-bam control and hs-
bam; sdamutant testes (Figures 6B and 6D), leaving 0.15 GSC
per testis (Figure 6F) and 85.3% of testes with zero GSC (Fig-
ure 6G). However, upon subsequent recovery, 58.7% of hs-bam
control testes regained GSCs (Figures 6C and 6G) through
spermatogonial dedifferentiation, leading to an average of 7.2Cell Reports 13, 315–325GSCs per testis (Figure 6F). In contrast,
95.7% hs-bam; sda mutant testes had
zero GSC after the same recovery time,
suggesting that spermatogonial cells
failed to dedifferentiate (Figures 6E–6G).
Furthermore, we found that only full-length sdaFL, but not the sdaDCAT or the sdaE/A, could rescue
the dedifferentiation defect in hs-bam; sda mutant males upon
genetic depletion of GSCs (Figures 6F and 6G), suggesting
that a functional catalytic domain of Sda is required for promot-
ing spermatogonial dedifferentiation during tissue regeneration.
Sda Promotes Spermatogonial Dedifferentiation
Independent of E-cad and JAK-STAT Signaling
Although both hub cells and Zfh-1-positive cells were fully
rescued by overexpression of cadherin molecules (Figures 4D
and 4E), the GSC number was only recovered to 84% of that
in WT control (p < 103 compared to control). Analysis of disinte-
grating fusome remnants indicated that the dedifferentiation de-
fects in sdamutant testeswere not rescued by overexpression of
E-Cad in hub cells (Figures S5C and S5D). These data also sug-
gest that spermatogonial dedifferentiation defects are separable
from hub-cell- and CySC-loss phenotypes, indicating that Sda
may have multiple substrates for different functions in vivo,
such as promoting spermatogonial dedifferentiation or maintain-
ing hub cells and CySCs, respectively.
To explore whether spermatogonial dedifferentiation defects
in sda mutant testes result from compromised JAK-STAT sig-
naling in germ cells, we examined the expression pattern of
Stat92E in sda mutant testes as a readout of active JAK-STAT
signaling. Similar to GSCs in control testes (Figures S7A and
S7A’), GSCs in sda mutant testes are enriched with Stat92E im-
munostaining signal (Figures S7B–S7C’), suggesting that the
JAK-STAT signaling is properly received by GSCs in sdamutant
testes. Furthermore, overexpression of the JAK-STAT ligand
Upd in hub cells (Boyle et al., 2007; Toledano et al., 2012; upd-
Gal4; UAS-upd) was insufficient to rescue GSC loss in sda
mutant testes (upd-Gal4; sdaE/A; sda in Figure S7D), suggesting
that either Sda promotes dedifferentiation independent of the
JAK-STAT-signaling pathway or Sda acts downstream of Upd., October 13, 2015 ª2015 The Authors 321
Figure 7. A Schematic DiagramOutlines Ac-
tivities of Sda in the Drosophila Testicular
Niche to Maintain GSCs
In WT testicular niche, GSC number is maintained
by both self-renewal of existing GSCs and dedif-
ferentiation of progenitor germ cells, including
gonialblasts and spermatogonial cells. In sda
mutant niche, progenitor cells fail to undergo
dedifferentiation; therefore, all retained GSCs are
from existing GSCs that are established during
embryogenesis (Le Bras and Van Doren, 2006). In
sda mutant niche with overexpression of cadherin
molecules such as E-Cad or N-Cad, existing GSCs
have increased adhesion to hub cells and are therefore lost less frequently, consistent with published work (Boyle et al., 2007; Inaba et al., 2010; Yamashita et al.,
2003). Dedifferentiated GSCs can be recognized by misoriented centrosomes or transient disintegrating fusome remnants.DISCUSSION
In this study, we demonstrate that an aminopeptidase encoded
by the sda gene has important roles in the Drosophila testicular
niche. Aminopeptidase is a class of enzymes that have never
been shown to act in any stem cell system previously. Sda pro-
tein has typical aminopeptidase activity and substrate speci-
ficity in vitro, and its aminopeptidase domain is required for
in vivo function in the Drosophila testicular niche. Within the
niche, Sda acts specifically in hub cells to maintain niche struc-
ture, including hub cells, CySCs, and GSCs. Maintenance of
GSCs by Sda is through cadherin-dependent retention of exist-
ing GSCs and cadherin-independent dedifferentiation of sper-
matogonial cells. Furthermore, Sda is both necessary and suf-
ficient to promote spermatogonial dedifferentiation, under both
physiological conditions such as aging and during tissue regen-
eration upon genetic depletion of existing GSCs (Figure 7).
Currently, we cannot exclude the possibility that the mecha-
nisms contributing to dedifferentiation under these two condi-
tions are different. Interestingly, Sda also showed specific
expression pattern in the terminal filament cells, an important
component of female GSC niche (Figures S1B and S1B’), sug-
gesting that it may act as a niche-specific factor in multiple
stem cell systems.
Studies in recent years have demonstrated a dynamic cross-
talk between stem cells and their surrounding microenviron-
ment termed as ‘‘niche’’ (Losick et al., 2011). Even though the
niche was first characterized in Drosophila gonads, similar
structure and function have been identified in mammals (re-
viewed in Hsu and Fuchs, 2012; Lander et al., 2012; Morrison
and Spradling, 2008). Many studies focus on understanding
how extrinsic cues from the niche and intrinsic factors in
stem cells cooperate to determine and maintain stem cell iden-
tity and activity. However, the molecular mechanisms govern-
ing the dedifferentiation process remain largely unclear. Here,
our results provide an important advance in understanding
how a niche-specific peptidase influences the decision of pro-
genitor cells to differentiate versus dedifferentiate, suggesting
that the dedifferentiation process in vivo is not an entirely
cell-autonomous decision but rather requires external cues
from the stem cell niche. The advantage of regulation from
the niche on dedifferentiation in vivo may provide a spatial con-
trol to avoid ectopic reprogramming of progenitor cells, which322 Cell Reports 13, 315–325, October 13, 2015 ª2015 The Authorscould lead to tissue hyperplasia and diseases. Indeed, it has
been shown mis-regulation of dedifferentiation may lead to
cancers (Friedmann-Morvinski et al., 2012; Schwitalla et al.,
2013). Therefore, understanding how molecules from niche
cells regulate dedifferentiation may shed light on various dis-
ease states such as cancer.
On the other hand, guided dedifferentiation may provide
another way for tissue regeneration. For example, it has been
shown that dedifferentiated cells could be functional in vivo for
tissue/organ maintenance and repair in multiple systems from
different organisms (Brawley and Matunis, 2004; Cheng et al.,
2008; Jopling et al., 2010; Kai and Spradling, 2004; Rawlins
et al., 2009; Sheng et al., 2009; Sheng and Matunis, 2011; Tata
et al., 2013; van Es et al., 2012). Spermatogonial cells in mice
can also undergo dedifferentiation to become germinal stem
cells in a process that shares many cellular commonalities with
those in Drosophila (Barroca et al., 2009; Nakagawa et al.,
2010). It would be interesting to investigate whether dedifferen-
tiation in Drosophila and mice share similar molecular mecha-
nism. Understanding how niche cells regulate progenitor cell
dedifferentiation may assist in the application of dedifferentiated
cells from the same lineage to repopulate the endogenous niche
and function like bona fide stem cells (Jopling et al., 2011), which
should provide a powerful solution for tissue regeneration.EXPERIMENTAL PROCEDURES
Fly Strains and Husbandry
Fly stocks were raised using standard Bloomington medium at 25C or 29C
as noted. The following fly stocks were used: y,w as WT; sdaP (Bloomington
Stock Center BL-10344) as the enhancer trap line; sdaiso7.8 as a strong loss-
of-function allele (Zhang et al., 2002); Df(3R)ED6235 that uncovers the sda
gene region (BL-9878); UAS-sda dsRNA (Vienna Drosophila Research Center
GD11680; Mummery-Widmer et al., 2009; both lines showed similar knock-
down phenotypes including GSC and hub architecture changes, when driven
by either tj-Gal4 or upd-Gal4 driver); UAS-Dicer2 (Vienna Drosophila Research
Center no. V60008); UAS-DE-Cadherin (Sanson et al., 1996); UAS-DN-Cad-
herin (Iwai et al., 1997); NCadM12 (BL-229) as an unprocessable DN-cadherin
mutation; dNc as an unprocessable DE-cadherin mutation (Oda and Tsukita,
1999); UAS-upd (Terry et al., 2006); UAS-GFP.nls (BL-4776); UAS-Gal4 (BL
5939); hs-bam (BL-24636); and Pav-GFP (from Y. Yamashita, University of
Michigan). The Gal4 drivers are upd-GAL4 (Leatherman and Dinardo, 2010),
c587-gal4 (from A. Spradling, Carnegie Institution Department of Embryology),
tj-Gal4 (from M. Van Doren, Johns Hopkins University), and nos-gal4 (Van Do-
ren et al., 1998).
Temperature Shift Assay to Knock Down sda in Adult Flies
Flies with the UAS-sda dsRNA; UAS-dicer2 transgenes were paired with
different Gal4 drivers and raised using standard Bloomington medium at
18C. For the negative control, flies were kept at 18C throughout develop-
ment until adulthood so that there is low or no knockdown of sda. For the pos-
itive control, flies were shifted to 29C at L1 stage to maximize the knockdown
effect. To specifically knock down sda in adult flies, newly eclosed males were
shifted to 29C for 15 days before analyzing the phenotypes.
Heat Shock Regime
Newly eclosed males with noted genotypes were collected and aged for
20 days with female flies in an 18C incubator. Before heat shock, males
were transferred to bottles that had been air dried for 24 hr. Bottles were sub-
merged with all air area underneath water in a circulating 37C water bath for
30 min at approximately 9 a.m. and 4 p.m. daily for 5 days, for a total of ten
times of heat shock. Flies were placed in a 29C incubator between heat
shock treatments and returned to 18C after the final heat shock. Flies were
then allowed for a 7-day recovery at 18C.
Immunostaining
Immunofluorescence staining was performed as described previously (Cheng
et al., 2008). The primary antibodies usedwere as follows:mouse anti-g tubulin
(1:100; Sigma T9026); mouse anti-Armadillo (1:100; DSHB N2 7A1 clone);
mouse anti-a spectrin (1:20; DSHB 3A9 clone); EdU (Invitrogen C10350); Lyso-
tracker (according to manufacturer recommendation; Invitrogen L7528); rabbit
anti-Ser10-phosphorylated histone H3 (1:200; Upstate 07-424); rat anti-Vasa
(1:40; a gift from Dr. Allan Spradling, Carnegie Institution for Science); rabbit
anti-Zfh-1 (1:4,000; a gift from Dr. Ruth Lehmann, Skirball Institute of Biomol-
ecular Medicine); rabbit anti-STAT (1:1,000; a gift from Denise Montell; Silver
et al., 2005); rabbit anti-active caspase-3 (1:500; BD 559565), and mouse
anti-b galactosidase (1:5,000; Promega z3781). Images were taken using a
Zeiss Apotomemicroscope with a 633 oil immersion objective and processed
using Adobe Photoshop software.
Isolation of Total RNA and Quantitative qRT-PCR
Total RNA was isolated from y,w (WT) and sda/Df adult testes using TRIzol
reagent (Invitrogen; no. 15596-018) according to the manufacturer’s instruc-
tions. Yield and quality of RNA were determined with a NanoDrop spectrom-
eter (NanoDrop Technology). Reverse transcription was performed using the
RevertAid First Strand cDNA Synthesis Kit (Fermentas; no. K1621). Transcript
levels were measured using Taqman universal PCR master mix (ABI; no.
4324018) and E-Cad (shotgun) primers (ABI; no. 4351372) and normalized to
rpl 32 (ABI; no. 4331182).
To quantify expression of different HA-tagged sda transgenes, flies with
following genotypes upd-Gal4; UAS-HA-sdaFL, upd-Gal4; UAS-HA-sdaE/A,
or upd-Gal4; UAS-HA-sdaDCAT were aged to D30 at 25C. Forty pairs of testis
were dissected for each genotype. Three replicates were generated. Total RNA
were purified out using Picopure RNA isolation kit (Invitrogen; no. KIT0204) ac-
cording to the manufacturer’s instructions. Reverse transcription was per-
formedusing oligo dT (Invitrogen; no. 18418-012) andSuperscript III (Invitrogen;
no. 18080044), following the manufacturer’s instruction. Transcript levels were
measured using SYBR Green PCR master mix (Invitrogen; no. 4385612) and
normalized to Fas III. The following primers are used to perform qRT-PCR.
FasIII forward: GTACGGCAGATCCATCAACTAC
FasIII reverse: GCTCCGAAGTACGTGAATCC
HA-sda forward: CCTATCCATATGACGTTCCAGATT
HA-sda reverse: CCGATGGAGGTCCATTGAAA
Isolation of Total Protein from Testes and Immunoblotting
Adult testes isolated from y,w (WT) and sda/Dfmales were lysed in 23 Laemmli
sample buffer (Bio-Rad; no. 161-0737). Samples were applied on 7% SDA-
PAGE (Invitrogen; no. EA0355BOX) for electrophoresis and transferred to Hy-
bond ECL membrane (GE; no. RPN2020D) according to the Novex SDS PAGE
system manufacturer’s instruction (Invitrogen; nos. E10002, LA0041, and
NP0006). For analysis of the E-Cad levels, rat a-E-cad (DCAD1; 1:1,000; a
gift from Dr. Tadashi Uemura) signal was normalized to rabbit a-CP190C(1:2,000; a gift from Victor Corces) signal. HRP-conjugated secondary anti-
bodies (Jackson Immunoresearch) were used at 1:2,000 and detected using
the Amersham ECL-plus kit (GE; no. RPN2232). Relative levels of E-Cad and
CP190 were determined using ImageJ software.
Calculating Mitotic Index
We used EdU (Invitrogen C10350) incorporation assay and anti-phosphory-
lated histone 3 (H3S10P; Upstate 07-424) immunostaining to compute mitotic
index as EdU- or PH3-positive GSCs/total GSCs. Because GSC mitosis is
sensitive to CO2 anesthetization, we dissected testes within 5 min of anesthe-
tization followed by immediate fixation. The mitotic index results using both
anti-PH3 immunostaining and EdU incorporation were based on two indepen-
dent experiments, respectively.
Calculation of 95% CI
95% confidence interval (CI) is equal to mean ± (1.96 3 SEM).
p Value Calculation and Explanation
We used Student’s t test and Fisher exact test for p value calculation. Stu-
dent’s t test was used when the experimental data were on continuous scale.
Fisher exact test was used when a null hypothesis was tested and the exper-
imental data had only two possibilities (e.g., equal versus unequal).
SUPPLEMENTAL INFORMATION
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